An all-glass 12 µm ultra-thin and fl exible micro-fl uidic chip fabricated by femtosecond laser processing This study investigated and established a method to fabricate a 100%-glass-based 12-μm ultra-thin and fl exible micro-fl uidic chip. The fabrication method clearly scales down the thickness limitation of fl exible glass devices and off ers a possible element technology for fabricating ultra-thin glass devices that can be applied to numerous biological and chemical applications.
Introduction
With the development of micro-miniaturized systems for chemistry and life science technology, numerous researchers have developed methods for fabricating and using microfluidic devices for chemical, clinical and biochemical analyses and syntheses. [1] [2] [3] Differing from conventional methods using micro-fluidic devices, micro-fluidic devices used for various applications such as convection-enhanced delivery, 4 implantable medical devices, 5 and wearable devices 6, 7 should be thin, lightweight, and flexible. In addition, thin fluidic devices offer an extra working distance for high-resolution imaging of small biological objects such as bacteria and proteins in the channel. 8, 9 At present, most of these thin and flexible devices are fabricated using paper, 10, 11 hydrogels, 12 polymers 4 (plastics 13 or polydimethylsiloxane (PDMS) 5 ). PDMS has become a popular material for conventional studies because of its low cost and easy use in device fabrication (e.g., no need for acid reagents) and high fabrication accuracy. However, PDMS has several disadvantages including chemical and physical instability, 14 and degraded detection capability due to the its fluorescence. 15 On the other hand, micro-fluidic devices made from glass are chemically stable against organic solvents and gases, and promise stable quality of the fabricated products. Glass devices can be used repeatedly and can be easily cleaned at high temperatures, and there are many suitable cleaning agents. Moreover, glass devices have a high electrical-conducting character and good thermal conductivity. In addition, the transparent spectrum range of glass devices is wider than the ranges of other device materials, which makes them suitable for high-resolution imaging. These advantages of glass have led to the development of numerous applications and devices. [16] [17] [18] [19] [20] However, because of its fragility and heavier weight compared to other flexible materials, glass is considered unsuitable for applications such as convection-enhanced delivery, wearable devices, and implantable medical devices.
To exploit the advantages of glass in the fields described above, fundamental fabrication technology of an extremely thin, lightweight, and flexible all-glass multiple layer structure is required. For this purpose, this study focused on an ultra-thin glass sheet, which was fabricated via an overflow fusion downdraw process 21 allowing the minimum thickness to be a few micrometers. Although thin glass is generally difficult to handle, the ultra-thin glass sheet is extremely flexible, and the handing problem can be solved by using a partial polymer coating or using a supportive structure design. The bonded ultra-thin glass sheets are extremely flexible and require no mechanical polishing process in the fabrication.
In our previous studies, we partially fabricated various types of glass micro-fluidic devices having structures of valves and pumps [22] [23] [24] by using ultra-thin and flexible glass sheets. However, there are no reports of ultra-thin, flexible and functionalized all-glass devices. We think that the reason for this is that the conventional methods for fabricating ultra-thin glass sheet devices are complex and involve difficult procedures. Ultra-thin glass sheets can be manipulated by homemade jigs when cleaning their surfaces and depositing mask layers, but the use of jig may cause significant deformation due to tensile stress, 25 resulting in a poor deposition mask layer. The deformation and other issues such as the formation of pinholes and notching defects of the mask layer make subsequent fabrication processes more difficult, while wet and dry etching methods decrease the flexibility of the glass sheets. 26 Conventional fabrication methods for preparing hard glass materials are unsuitable for ultra-thin glass sheets.
Recently, there have been reports on using a femtosecond laser to fabricate, bond and cut glass of ordinary thicknesses. [27] [28] [29] We considered that the laser technology could be applied to ultra-thin and flexible glass devices having several micrometer channels by optimizing the laser irradiation conditions. Therefore, for this study, we used a femtosecond laser to cut an ultra-thin glass sheet and bond it with a non-fabricated glass sheet as an effective process to fabricate a glass micro-fluidic chip with high surface quality. Although the femtosecond laser process is not cost effective, we selected it for the stated reasons.
This paper describes a method for fabricating an ultrathin and flexible glass device ( Fig. 1A ) by cutting an ultrathin glass sheet to make a square shaped channel and sandwiching the sheet with the channel between two other glass sheets ( Fig. 1B) , each having a non-fabricated surface. Then, the paper demonstrates the feasibility of the method by fabricating a prototype 12 μm thick ultra-thin and flexible all-glass micro-fluidic device.
Experimental

Preparation of materials
Ultra-thin glass sheets (size: 4 × 100 mm, 4 μm in thickness) were cut from a roll of ultra-thin glass sheet (OA-10G; available on rolls to 40 m length) (Nippon Electric Glass, Otsu, Japan). To prevent the glass sheets from sticking together, polymer sheets were placed between them, and the cut glass sheets were carefully stored.
Micro-fabrication of glass sheets
The design of the ultra-thin glass chip is shown in Fig. 1B . The prototype chip consisted of three layers, each with an individual thickness of 4 μm. A micrometer-scale channel was fabricated in layer 2. Two orifices with a diameter of 1 mm were fabricated in both layers 1 and 2 for convenience of alignment. In layer 1, these orifices also served as the inlet and outlet. Layers 1, 2 and 3 were bonded together to form the prototype (Fig. 1C) .
The total thickness of the fully assembled prototype was estimated to be 12 μm (Fig. 1D ). The fabrication process of layers 1 and 2 was done with a femtosecond laser (Solstice Ace100F; Spectra Physics, Santa Clara, CA). The laser wavelength was 800 nm, the pulse width was 100 fs, and the repetition rate was 1 kHz. Unlike other femtosecond laser processes for ordinary hard glass substrates, in the ultra-thin glass sheet process, focusing loss of the femtosecond laser was frequently observed, because the glass sheet was highly flexible and tended to curl slightly. To solve this problem, we forced the glass sheets for layers 1 and 2 into an extended and flat state by using silicone rubber on two sides and a simple homemade jig with a window (Fig. S1A †) when we were working on the sheets. The silicone rubber provided a handling zone for us to manipulate the glass sheets.
As another issue, much nano-debris was generated on the surface of the glass sheet after the femtosecond laser process (Fig. 2 ). Conventional laser micro-fabrication methods for glass substrates are done in a liquid medium to suppress the generation of nano-debris. However, in this study, we could not carry out the process in any liquid medium, because the shock wave due to the laser-induced breakdown can damage the glass sheets and the precise movement of the laser on the sheets is extremely difficult in liquid medium. 30 Moreover, the debris generated from carrying out the laser fabrication in air might affect the quality of bonding. Therefore, to reduce the generation of nano-debris for obtaining a better surface condition, we investigated the optimal conditions of the laser pulse energy using two different objective lenses: a 20× lens (NA: 0.46) and a 40× lens (NA: 0.9). The energy of the beam was adjusted by a neutral density filter. The relationship between the width of the fabricated channel and the intensity of the laser pulse power is shown in Fig. 2 . The widths at 10 points on a femtosecond laser-fabricated channel for different energy intensities were measured. The minimum laser pulse power to cut through the ultra-thin glass sheets with the minimum generation of nano-debris was selected to fabricate the prototype. The minimum width of the channel fabricated by a single cutting process with the optimized pulse energy was found to be approximately 0.7 μm.
Then, using a programmable electromotive stage (BIOS-206T; Sigmakoki, Tokyo), a microscope (Olympus IX71; Olympus Inc. Tokyo), and the 40× objective lens, we fabricated the microchannel with a width of approximately 20 μm and a length of 25 mm in layer 2 as shown in Fig. S1B . † Details of the inlet are shown in Fig. S1C and D. † The inlet and outlet were fabricated in layer 1 by the same process. Making the orifices and channel of layers 1 and 2 took about 30 min. No fabrications were made in layer 3. Then, the ultra-thin glass sheets were released from the jig used to hold them in place during work.
Next, the ultra-thin glass sheets were chemically cleaned. In the cleaning process, a newly designed jig with a magnet fixture was used to hold each ultra-thin glass sheet ( Fig.   S2 †) . The jig was made of Teflon and glass and had several weak magnets. The silicone rubber with the ultra-thin glass was sandwiched by the magnet fixture on the jig. It was possible to chemically clean the three glass sheets at the same time.
The chemical cleaning process used piranha solution containing sulfuric acid and hydrogen peroxide at a ratio of 3 : 1. Since highly cleaned surfaces are known to require no adhesive agent to bond to each other, we expected to be able to prepare an all-glass microchip with good flexibility and transparency of the channel. After 20 min of chemical cleaning, the glass sheets were slowly removed from the solution and rinsed with ultra-pure water for 10 min.
Next, the glass sheets were thoroughly dried with a nitrogen air gun (5 min) in a draft chamber. Layers 1 and 2 were exactly aligned by using a homemade jig ( Fig. S3 †) . Careful cleaning ensured that they had no air or dust contamination. After that, the aligned layers 1-2 were manually placed on top of layer 3 and this was ready for fusion bonding.
For thermal fusion, the temporarily assembled chip was set in a programmable vacuum furnace (KDF-900GL; Denken, Kyoto, Japan). The chip was put on an alumina plate (40 × 80 × 5 mm) to prevent fusion to the bottom of the furnace, and 3 alumina plates as weights (75 × 65 × 5 mm; 300 g) were placed on the microchip to keep it flat before putting it into the furnace.
To prevent strain during cooling, which could degrade the flexibility of the ultra-thin glass, we used an optimized slow cooling process for the fusion bonding of the glass sheets. 21 The conditions were: heating from 25°C to 750°C for 1.5 h; maintaining at 750°C for 5 h; cooling from 750°C to 700°C for 2 h; maintaining at 700°C for 30 min; cooling from 750°C to 700°C for 2 h; cooling from 700°C to 650°C for 1 h; cooling from 650°C to 600°C for 30 min; and finally cooling naturally by turning off the furnace. Then, we removed the alumina plate weights, took out the bonded ultra-thin glass chip, and carefully stored it between two polymer films ( Fig. S4 †) .
Experimental setup
For investigating the basic functions of the ultra-thin and flexible glass micro-fluidic chip, a simple experimental system consisting of a pump and a microscope was prepared ( Fig. S5A †) . A flow rate programmable syringe pump (Fusion 200; Chemyx, Stafford, TX) was used. The inlet of the chip was connected to the pump with a silicon tube and a homemade metal jig 31 (Fig. S5B †) . The outlet was kept open. For monitoring the flow in the channel, fluorescent spherical polystyrene bead particles (Fluoro Spheres, 1 and 2 μm in diameter; Molecular Probes, Invitrogen, Carlsbad, CA) were dispersed into distilled water at a dilution of 1000×, and the water was used as the flow fluid. The flow was observed with a digital microscope (VHX-5000; Keyence, Osaka, Japan) and a lens (VH-Z100UR; Keyence); the lens was focused on the center of the microchannel (Fig. S5C †) and the flow images were recorded. The experiment was carried out at room temperature in a clean room.
Results and discussion
Prototype of the ultra-thin glass micro-fluidic chip
We obtained the prototype ultra-thin and flexible glass chip shown in Fig. 3A . The fusion bonding process yielded a chip that was approximately 12 μm thick. To confirm the chip flexibility, the chip was bent more than 180 deg by pressing it with fingers; this is shown in the photographs of Fig. 3A -D and S6A, † which were taken from different viewpoints. The thickness profile of the chip at the channel was carefully inspected (Fig. 3E) . The cross section of the channel was observed with a scanning electron microscope (SEM) (Fig. 3F) , which showed that the thickness of the three layers was approximately 12 μm. Although Newton rings appeared in the glass micro-fluidic chip due to contaminating particles produced during fabrication, an unattached area or interference reflection of the three layers, bonding of the channel was confirmed from the SEM image ( Fig. 3F) and also from the leakage test result in the following section. The three layers were firmly bonded at least in the areas near the channel. Bonding the three layers in an even cleaner environment or improving the method of applying a larger pressure could solve this problem.
Although we saw no obvious influence from nano-debris near the channel, it would be desirable to have less nanodebris generation, and we suggest the use of a microscope system with an autofocusing function and conducting the fabrication process in a shallow solution environment as ways to do this.
The channel width was measured to be about 20 μm at various locations. In the area for laser focusing, the channel width was approximately 20 μm ± 10 μm. The reason for the deviation was that the glass sheet tended to curl slightly, which caused the laser to over-cut or under-cut the channel in the glass sheet.
The final weight calculated from the volume of the prototype chip (size: 30 mm × 4 mm × 12 μm) and the density (2.46 g cm −3 ) 32 was approximately 3.6 mg.
Investigation of the function of the glass microchip
As a fluidic device, it is important to investigate the capacity of the microchannel of the chip to resist pressure.
First, the microchannel was filled with water, and air was fed into it to inspect for possible leakage (Fig. 4A1-3 ) (Video S2 †). As a result, no significant leakage was observed from the channel. Then, fluid containing 1 or 2 μm bead particles was fed into the channel, and their flow was observed at a flow rate of 30 μL min −1 (Fig. 4B1-3 and C1-3) (Videos S3 and S4 †). The velocities of the beads clearly differed with the location in the channel and were from 67.32 to 167.11 μm s −1 (1 μm), and from 13.15 to 21.41 μm s −1 (2 μm). An increase in the flow rate over approximately 40 μL min −1 was found to break the bonding near the channel inlet area between layer 2 and layer 1. Because fluid leakage from the syringe and 
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connectors was significant, the actual applied pressure to the channel was calculated to be 247. 17-614.32 Pa from the motion data of the bead particles. The equations (Hagen-Poiseuille equation) were as follows. 33 (1)
where ΔP is pressure loss, L is the length of the channel, μ is the dynamic viscosity of the liquid at 25°C, Q is the volumetric flow rate, D h is the hydraulic diameter of the channel, π is the mathematical constant pi, a is the cross-sectional area, and p is the wetted perimeter of the cross section.
In addition, a convenient connection of the ultra-thin glass chip was achieved by sandwiching it between a PDMS block with a reservoir and a thick glass plate ( Fig. 5A and B) . A solution of red dye was introduced into the channel to demonstrate the connection induced by capillary action (Fig. 5C ). The flow of the solution was observed at the outlet (Fig. 5D1-3 ).
The size of the microchip
For the purpose of drug delivery to a specifically small area, such as small-sized organs, a delivery device having a small size, good strength and chemical stability is required.
For wearable and implantable medical devices, a lightweight and small-sized flexible substrate is useful. The sizes of the ultra-thin devices used in the above applications are from several tens of micrometers 7, 34 to several hundreds of micrometers. 4 For high-resolution imaging, the cover glass with a thickness of 0.17 mm is generally used. Compared with the devices above, we were able to fabricate all-glass fluidic devices of approximately 12 μm thickness.
Comparison of the flexibility our chip with chips made with other materials
In this study, the bending curvature of the ultra-thin glass sheet was 0.5 mm, and the fracture toughness was over 400 MPa. 32 We practically clarified the fragility of the three-layer micro-fluidic chip by a flexibility experiment in which we bent and twisted our chip in different directions (Fig. 6A) . The bending curvature was less than 2 mm in the Y-direction (long axis) and 3 mm in the X-direction. The maximum twist degree was approximately 40° (Fig. 6B ; Video S5 †).
On the other hand, the most commonly found thin-glass devices are made from cover glasses. The thinnest flexible cover glasses, which are custom-made, have a minimum thickness of approximately 30 μm (NEO microscope cover glass; Matsunami Glass, Kishiwada, Osaka), and their bending curvature is 8 mm.
For further comparison, we also fabricated a thin PDMS chip by a conventional method (Fig. S3A †) . According to the literature, the theoretical thickness limitation of pure PDMS is approximately 5 μm, 35 and in that case, manually peeling off the PDMS from a substrate and handling the thin PDMS are extremely difficult tasks. The thickness of 100 μm is empirically suitable for manual handling. Therefore, we fabricated a PDMS chip consisting of two layers with a total thickness of 200 μm (Fig. S3B †) . The flexibility (bending curvature: 1 mm) of PDMS with a thickness of 200 μm was better than that of the ultra-thin and flexible microchip. However, when fluid was fed into the 20 μm channel of the PDMS flexible chip, leakage was immediately found at the inlet at a flow rate of approximately 17 μL min −1 , suggesting that the bonding strength between PDMS sheets 36 was lower than that of thermal fusion-bonded glass sheets. 37 In addition, most of the other flexible materials cannot be used for fabricating fluidic devices of less than 25 μm thickness such as polymers 4 (>100 μm), paper 10,11 (>70 μm), and plastics 13, 38 (>25 μm).
Investigation of the surface roughness of our microchip by optical measurement
Although normally wet etching methods for glass offer a higher fabricated surface quality, differences in the components of the etching solution and in target glasses mean the roughness of the fabricated glass material can become several tens of nanometers, 26 although using post-processing treatments, such as oxygen/hydrogen flame polishing, 39 annealing, 40 and CO 2 laser reflow, 41 can reduce the roughness of the surface down to several nanometers. On the other hand, the roughness of the top and bottom surfaces of our microchip made by the thermal fusion bonding method was 0.5 nm. 32 The quality of the surface ensures the transparency of the glass microchip.
Moreover, because the thickness of the microchip from the surface to the channel is 4 μm, an extra working distance is available for optical research indicating a new possibility to design other useful devices. We also fabricated other flexible glass microchips with a different bonding method as a negative control. An ultra-thin glass sheet was coated with UV adhesive (GL-4007, 23 cp; Gluelabo, Kuwana, Mie) using a spin coater at 8000 rpm; the estimated layer thickness was <0.7 μm, as calculated from the density. The surface condition of the microchip made by the UV-adhesive bonding ( Fig. S7A and B †) was rougher than that of the microchip made by the fusion bonding method ( Fig. S7C and D †) . The surface roughness was measured by using a 3-dimensional laser-scanning microscope (VK-8710, Keyence). The surface roughnesses of eight fusion-bonding samples and four UV-adhesive bonding samples were measured. The results indicated that the surface roughnesses clearly decreased from approximately 0.51 to 16.8 nm (Fig. S7E †) . The UV-adhesive bonding method was judged to be unsuitable for fabricating ultra-thin microchips.
Investigation of the performance of the ultra-thin microchips for possible conventional applications
As a device made for convection-enhanced delivery, the thickness and weight of our fabricated micro-fluidic chip were thinner and lighter than those of microchips made using other methods. In addition, because the ultra-thin glass sheet is available on rolls at lengths up to 40 m, the tube, injector, and delivery structure can be integrated together with no dead volume in the flow line.
Recently, in the field of wearable devices, flexible organicbased sensors and power devices have become popular. Most organic-based sensors and power devices have a low output power density due to several limitations of the materials used such as a low power factor, high contact resistance with a metal electrode, and low thickness for conduction materials. 7 However, organic-based materials such as polymers are widely used for making flexible wearable devices that can be placed in contact with human skin safely. On the other hand, inorganic materials that can output a high power density are inflexible, and the device structure has to be carefully designed to obtain sufficient flexibility. 7 With the method we described above, flexible and thin glass wearable devices, which have a high electrical-conducting character, good thermal conductivity, 20 flexibility with a curvature of less than 2 mm, good chemical/physical stability, good transparency, and a long operating life, could be fabricated.
As an example, the use of a thin glass sheet is advantageous regarding the energy conversion efficiency for wearable power generators such as a thermoelectric (TE) power generator. A previous report used glass fabric (thickness of 20 μm) for a wearable TE power generator 7 and it exhibited a higher output power density than other polymer materials. Also, the glass fabric layer with a 20 μm thickness has provided a TE device that is thin (<500 μm), lightweight (<0.13 g cm −2 ), and flexible. Our technology will provide wearable TE devices that are even thinner, lighter and more flexible.
Furthermore, methods for manual manipulation, handling, fabrication, cleaning, and bonding a 12 μm total glass device were also proved. Although we only fabricated a microchip with a simple design, the fabrication method was established and the potential of the ultra-thin glass microchip was confirmed. By simply changing or adding to the design and the fabrication process, various kinds of sensors, actuators, and structures can be fabricated.
Conclusions
This study investigated and established a method for fabricating an ultra-thin and flexible multi-layer glass microfluidic chip that was lightweight (3.6 mg) and thin (12 μm thick), and had a smooth surface (surface roughness of 0.5 nm) and high reusability. We investigated the optimized laser pulse power (1.1 μJ per pulse), selected an objective lens (40×) with a NA of 0.9, and determined the thickness of the ultra-thin glass (4 μm) for both effective fabrication and human handling of the microchip. The ultra-thin glass microchip will contribute to the advancement of various engineering and scientific fields including micro-measurement instrumentation, physical stimulation, clinical chemistry instrumentation, and biochemical analytical and synthesis fields. In addition, this report offered a basic method of fabricating and bonding ultra-thin glass devices for numerous applications. Our thinnest glass chip is a typical prototype for the demonstration of this method, because it includes the long distance cut-through, multiple layer alignment, and bonding processes.
